We investigated the effects of plasma treatment on the sheet resistance of thin films spraycoated with graphene flakes on polyethylene terephthalate (PET) substrates. Thin films coated with graphene flakes show high sheet resistance due to defects within graphene edges, domains, and residual oxygen content. Cl 2 plasma treatment led to decreased sheet resistance when treatment time was increased, but when thin films were treated for too long the sheet resistance increased again. Optimum treatment time was related to film thickness. The reduction of sheet resistance may be explained by the donation of holes due to forming -type covalent bonds of Cl with carbon atoms on graphene surfaces, or by C Cl bonding at the sites of graphene defects. However, due to radiation damage caused by plasma treatment, sheet resistance increased with increased treatment time. We found that the sheet resistance of PET film coated with graphene flakes could be decreased by 50% under optimum conditions.
INTRODUCTION
Many researchers are investigating graphene as a transparent electrode material to replace transparent conductive oxides using rare-earth materials such as indium tin oxide (ITO) due to its high transmittance and structural flexibility. [1] [2] [3] [4] Graphene, a type of few-monolayer graphite with two-dimensional honeycomb crystal structure, is characterized by high mobility, thermal conductivity, a high Young's modulus, good conductivity, chemical stability, and optical transmittance. [5] [6] [7] Chemical vapor deposition (CVD) is a well-known method for the fabrication of high quality, large graphene sheets. [8] [9] [10] However, the CVD method has many limitations for mass production and wide application, requiring metal substrates such as nickel or copper and high temperature processes over 1000 C. In addition, after deposition, chemical etching of the substrate metal is required, and the resulting graphene thin films must be transferred to flexible target substrates such as SiO 2 . This complicated process results in low productivity and poor reliability.
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Recently, thin films coated with graphene flakes have been investigated as replacements for CVD graphene transparent conductive electrode films due to advantages such as high productivity, scalability, and the ability to use substrate materials of a variety of shapes. [12] [13] [14] [15] [16] However, graphene flakes exhibit high sheet resistance due to residual oxygen content and defects within the graphene flakes themselves. [17] [18] [19] Various doping techniques are applied to decrease sheet resistance, such as wet treatment, evaporation of dopant materials, and plasma treatment. These techniques have been applied to doping carbon nanotubes 20 21 and have been also investigated for the doping of graphene, especially CVD grown graphene. [22] [23] [24] [25] In this study, we applied Cl 2 plasma treatments to thin films coated with graphene flakes and investigated the effects of the plasma treatment on the electrical properties of the flakes. The effects of plasma treatment on sheet resistance and physical damage to graphene flakes were especially closely investigated. flake were coated on polyethylene terephthalate (PET) films measuring 1 cm × 1 cm. The graphene flake solution (Angstron Materials, N002-PDR, 4 milligram graphene in 50 ml isopropanol) was prepared using a sonication process for 1 hour. The size of the stage was 15 cm × 15 cm, and the stage was moved continuously in the x-y direction to promote uniform coating with graphene flakes. The stage temperature was maintained at 50 C in a N 2 condition while spraying graphene flakes, and PET films coated with graphene flakes were annealed for 10 minutes to remove the solvent. Figure 1 (b) shows the inductively coupled plasma (ICP) system (STS Inc.) used for plasma treatment. The ICP source was connected to a 13.56 MHz of rf power, and the treatment conditions were 4 Watts and 5 mTorr Cl 2 . No bias power was applied during plasma treatment and the substrate was maintained at room temperature (25 C).
EXPERIMENTAL DETAILS
After depositing silver electrodes at the four corners of each graphene flake-coated PET sample, the sheet resistances of the samples were measured using a four-point probe (Keithley 2000 multimeter). A UV-VIS-NIR spectrophotometer (UV-3600, SHIMADZU) was used to assess transmittance and characterize the optical properties of PET films coated with graphene flakes. Scanning electron microscopy (SEM, Hitachi S-4700) was used to assess surface morphology, and the degree of surface damage sustained during plasma treatment was investigated by Raman spectroscopy (ALPHA300, WITec).
RESULTS AND DISCUSSION
The optical transmittances of graphene-coated PET films were measured as a function of wavelength for PET substrates with different numbers of graphene spray coatings using UV-visible spectroscopy (Fig. 2) . The optical transmittances of the graphene-coated PET films did not vary significantly with wavelength. The addition of one coating decreased the optical transmittance by about 4-5% from the value of 91.5% determined for the first coating. Monolayer graphene is known to decrease optical transmittance by about 2.3%. 26 Therefore, one spray coating of graphene flakes corresponded to an average coating of two graphene layers on PET substrate in our experiments. Figure 3 shows SEM images of graphene flakes coated on PET (a) after the first spray coating and (b) after five spray coatings. The surface of the PET substrate was uniformly coated with graphene flakes without any gaps, and the graphene flakes were laid flat on the PET substrate. Even after 5 coatings, no significant changes of graphene surface morphology were observed, due to the uniform coating ( Fig. 3(b) ). Figure 4 shows the sheet resistances of two graphenecoated PET thin films with optical transmittances of (a) 77.6% (sample A, four spray coatings) and (b) 73.8% (sample B, five spray coatings). Multiple spray coatings of graphene flakes were measured as a function of Cl 2 plasma treatment time. The sheet resistances were 803 and 8.7 k /sq., respectively, before plasma treatment. Therefore, the sample with higher optical transmittance also had higher sheet resistance. Graphene-coated PET films were treated with an ICP at 13.56 MHz 4 Watts and 5 mTorr Cl 2 . An increase in plasma treatment time initially decreased sheet resistance for all samples. This decrease of sheet resistance with increased Cl 2 plasma treatment time may be related to charge transfer from Cl atoms to graphene. Among the four outermost electrons in a graphene carbon atom, three of the electrons form sp 2 hybrid orbitals and have strong -type covalent bonds with neighboring carbon atoms, but the remaining electron forms a weaker -type covalent bond with other carbon atoms on the graphene surface. During plasma treatment, Cl atoms can be attached to the graphene surface and transfer holes to the graphene by forming -type covalent bonds with graphene carbon atoms. In addition, Cl atoms can attach to defects in graphene and transfer holes by forming C Cl bonds with carbon. Therefore, increasing the plasma treatment time increases the attachment and bonding of Cl atoms to graphene, and also increases the charge transfer to graphene, which may be related to the decrease of sheet resistance observed with increases of plasma treatment time.
For sample A, the sheet resistance was lowest at about 20 sec when it had decreased about 50% from 803 to 404 k /sq (Fig. 4(a) ). However, further increase of the plasma treatment time led to a rapid increase of sheet resistance. After a plasma treatment of 50 sec, the sheet resistance was higher than it had been before the plasma treatment. For sample B the sheet resistance also decreased with plasma treatment time, but the sheet resistance did not reach its minimum until after 60 sec of plasma treatment, after which it had decreased from 8.7 to 6.7 k /sq. Therefore, the sheet resistance was decreased by about 23% (Fig. 4(b) ). The increase of sheet resistance observed with increased the plasma treatment time after reaching minimum sheet resistance (Fig. 4(a) ) may be related to radiation damage on the graphene surface caused by Cl 2 plasma exposure. The density of defects on the graphene surface increases and sheet resistance also increases due to Cl ion bombardment of the graphene surface during plasma treatment. Therefore, the minimum sheet resistance shown in Figure 4 (a) is affected by the decrease of sheet resistance caused by charge transfer from increased numbers of Cl atoms on the graphene surface, and also by the increase of sheet resistance caused by the radiation damage due to Cl 2 plasma treatment. For sample B, due to the presence of thicker graphene layers on the PET, the damage to the graphene surface was not significant and the number of Cl atoms bonded to the graphene was not sufficient (Fig. 4(b) ). Therefore, the sheet resistance did not reach the minimum value possible during the plasma treatment times used in our experiments, and the optimum treatment time was related to the thickness of films coated with graphene flakes. Figure 5 shows Raman spectra observed on PET films coated with graphene flakes (a) before Cl 2 plasma treatment and (b) after Cl 2 plasma treatment of 60 sec under the conditions shown in Figure 5 ∼ 1350 cm −1 (D peak) is related to defects in the graphene, and the peaks at ∼ 1580 (G peak) and ∼ 2700 cm −1 (2D peak) are related to the graphene itself. 27 In addition to the peaks related to the graphene, sharp peaks (arrows) that originated from the PET film were also observed. The G-peak observed 1580 cm −1 from the graphene was superimposed on the peak caused by the PET. Even without plasma treatment, PET films coated with graphene flakes exhibited D peaks due to defects in the graphene flakes themselves. However, after 60 sec plasma treatment the intensity of the D peak (and the ratio of the D peak to the G peak) increased, possibly due to radiation damage to graphene flakes caused by Cl ion bombardment during plasma treatment. Therefore, sheet resistance increased with increased plasma treatment time, as long as the treatment time was long enough (Fig. 5(b) ). To decrease the sheet resistance further using plasma treatment, radiation damage caused by Cl ion bombardment must be reduced by controlling the plasma parameters.
CONCLUSION
PET films that were spray coated with graphene flakes were treated with Cl 2 plasma, and changes of sheet resistance were observed when the plasma treatment time was increased. The optical transmittances of the graphenecoated thin films decreased with decreased sheet resistance, due to the increased thicknesses of the graphene flake coatings. Cl 2 plasma treatment decreased the sheet resistances of PET films coated with graphene flakes with increased plasma treatment time due to increased charge transfer to the graphene. However, due to the radiation damage on the graphene surface sustained during plasma treatment, the sheet resistance again increased when the thin film was treated for too long. The optimum treatment times were related to the thicknesses of thin films coated with graphene flakes. The reduction of sheet resistance during Cl 2 plasma treatment may be related to hole donation due to -type covalent bonding of Cl on graphene surfaces with carbon atoms, or to the formation of C Cl bonds at graphene defect sites. Under optimum conditions, the sheet resistances of graphene flake films could be decreased by about 50%.
